We report here evidence for endogenous NO signalling in long-term (> 1 h) synaptic Q1 depression at the neuromuscular junction induced by 20 min of 1 Hz nerve stimulation. Synaptic depression was characterized by a 46% reduction in the end-plate potential (EPP) amplitude and a 21% decrease in miniature EPP (MEPP) frequency, but no change to MEPP amplitude, indicating a reduction in evoked quantal release. Both the membrane-impermeant NO scavenger cPTIO and the NOS inhibitor L-NAME blocked depression, suggesting that it is induced by NO originating from a source outside the terminal. The depression was dependent on activation of muscle-type, but not neuronaL-type, nAChRs and was still observed when Ca 2+ release from the sarcoplasmic reticulum and muscle contraction were blocked with dantrolene. These data suggest that the depression depends on transmission, but not muscle contraction. The calcineurin inhibitors cyclosporin A and FK506, as well as ODQ, an inhibitor of NO-sensitive soluble guanylyl cyclase, Rp-8-pCPT-cGMPS, an inhibitor of cGMP-dependent protein kinase, and the calmodulin antagonist phenoxybenzamine also blocked depression. We propose that low frequency synaptic transmission leads to production of NO at the synapse and depression of transmitter release via a cGMP-dependent mechanism. The NO could be generated either directly from the muscle, or possibly from the Schwann cell in response to an unidentified muscle-derived messenger. We showed that the long-lasting depression of transmitter release was due to sustained activity of the NO signalling pathway, and suggest dephosphorylation of NOS by calcineurin as the basis for continued NO production.
Nitric oxide (NO) has emerged as an important modulator of neurotransmitter release in both the CNS and PNS (Schuman & Madison, 1994; Prast & Philippu, 2001; Esplugues, 2002) , potentiating and/or depressing transmission depending on the synaptic type and the history of synaptic activity (Schuman & Madison, 1994) . The molecule is highly labile and therefore the primary means for controlling the biological action of NO is by regulation of nitric oxide synthase (NOS), the NO producing enzyme. The activity of most forms of the enzyme is tightly regulated by Ca 2+ -calmodulin (Ca 2+ -CaM; Bredt & Snyder, 1990 ) and hence Ca 2+ transients associated with synaptic activity provide a mechanism for coupling neurotransmitter release with NO production.
A role for nitric oxide in modulation of transmission at the neuromuscular junction (NMJ) was first proposed from the observation that exogenous NO depresses transmitter release in both developing (Wang et al. 1995) and mature (Lindgren & Laird, 1994) NMJs. More recently, it has been demonstrated that endogenous nitric oxide modulates transmission at the mature NMJ (Ribera et al. 1998; Aonuma et al. 2000; Thomas & Robitaille, 2001 ).
There are several potential sources of NO at the NMJ, derived from NOS isoforms expressed in nerve terminals (Ribera et al. 1998) , perisynaptic Schwann cells (Descarries et al. 1998) and postsynaptic muscle fibres (Nakane et al. 1993; Kobzik et al. 1994; Yang et al. 1997) . Release of NO from perisynaptic Schwann cells can depress transmitter release at high frequencies of stimulation, and a damping down of transmission by tonic release of NO from muscle cells in the resting NMJ has also been demonstrated (Thomas & Robitaille, 2001) . It has been proposed that activation of nNOS by a local increase in cytosolic Ca 2+ may lead to an activity-dependent increase in NO production by skeletal muscle fibres (Kusner & Kaminski, 1996) .
We tested for the involvement of NO signalling in a form of synaptic depression induced at the amphibian neuromuscular junction by a train of low frequency (1 Hz) stimulation. Endogenous NO appears to be involved in low frequency stimulation-induced depression in invertebrates (Aonuma et al. 2000) ; however, the source of the NO is unknown and it remains unclear whether a similar NO signalling pathway is active in vertebrates. It is also not clear from the work with invertebrates whether or not the action of NO in depression induced by low frequency stimulation is dependent on the soluble guanylyl cyclase (sGC)-cGMP pathway. Both cGMP-dependent and -independent NO pathways have been shown to modulate transmitter release at the amphibian neuromuscular junction, depending on the stimulus conditions (Thomas & Robitaille, 2001 ).
Here we demonstrate that 20 min of 1 Hz nerve stimulation induced a long-lasting depression of transmitter release at the NMJ, and that this form of synaptic plasticity is mediated by a nitric oxide pathway; to our knowledge, this is the first demonstration of the involvement of NO signalling in low frequency stimulation-induced depression at the mature vertebrate neuromuscular junction. We have identified a role for the muscle cell in depressing transmission by triggering a retrograde signalling pathway that decreases quantal release from the terminal. Our results are consistent with speculation in the literature that muscle-derived NO could potentially modulate transmission in response to synaptic activity (Kusner & Kaminski, 1996; Thomas & Robitaille, 2001 ). Depression was blocked by an inhibitor of NO-sensitive sGC and by an inhibitor of cGMP-dependent protein kinase, suggesting that the action of NO to depress transmitter release involves the sGC-cGMP pathway. We propose that the long lasting nature of the depression, after cessation of the 1 Hz stimulation routine, is due to dephosphorylation of NOS by calcineurin and sustained NO production.
Methods
Cane toads (Bufo marinus) were obtained from the wild in Queensland, Australia, and then maintained for up to 6 months in a large humidified tank with a 12 h light-dark cycle at between 22 and 25
• C. Toads were fed twice weekly on a mixture of crushed rat pellets and lean minced beef. Animals were killed by double pithing according to procedures approved by the Animal Ethics Committee of The University of Western Australia. Iliofibularis muscles were isolated with sciatic nerves and ventral roots attached. Connective tissue was carefully cut away from the surface of muscles to facilitate impalement of muscle fibres. The preparations were maintained in a modified aerated amphibian Ringer solution (NaCl, 114 mm; KCl, 2 mm; glucose 5 mm; Mops, 10 mm; and CaCl 2 , 1.5 mm; adjusted to pH 7.4 with NaOH). Experiments were performed at room temperature (22-24
• C).
Induction of synaptic depression
Both iliofibularis muscle-nerve preparations from a single animal were tied at each tendon with silk and set up for stimulation in 3 ml organ baths. Muscles were stimulated via the nerve using a platinum-iridium suction electrode and the stimulation voltage and resting tension on each muscle were adjusted to produce a maximum twitch. Twitch amplitudes were recorded with Grass Instruments FT03 force transducers and experiments were aborted if the difference in maximum twitch amplitude between the two muscles was greater than 30%. Both muscles were pre-incubated in the relevant solution for each experiment (see Results) and then one muscle was stimulated continuously via the nerve at 1 Hz (1 ms square pulses at optimum voltage, usually 4.5-5.5 V) for 20 min, while the other muscle was left unstimulated.
Electrophysiological recordings
Electrophysiological recordings were performed using borosilicate glass microelectrodes (R = 7-20 M ) filled with 3 m KCl. All recordings were made from muscle fibres with membrane potentials more negative than −70 mV, and results from any one cell were discarded if the membrane potential depolarized by more than 10% before five synaptic potentials had been recorded. Impalements of cells from both muscles (control and stimulated) were performed in parallel, alternating between muscles. Experiments were discarded if less than five cells were sampled from a muscle. In experiments where spontaneous miniature end-plate potentials (MEPPs) were recorded, impalements were obtained within 1 h after termination of the 1 Hz stimulation routine. The 1 h window was selected because the nerve-evoked muscle twitch remained profoundly depressed at least 1 h after termination of the stimulation (see Results). To determine MEPP frequency, continuous recordings of no less than 3 min were obtained from each cell. Muscles for EPP recordings were incubated in d-tubocurarine chloride (dTC, 0.6-1.6 µm, Sigma) to block muscle contractions. The concentration of dTC was varied throughout the year to compensate for seasonal variations in release probability (Bennett & Lavidis, 1991) and therefore to maintain the median amplitude of EPPs in control muscles within a workable range (1.4-4.0 mV). Muscles were normally exposed to the dTC immediately following the 1 Hz stimulation routine; impalements began 30 min later and stopped after 30 min tjp˙426 TJP-xml. A 50 mm stock solution of phenoxybenzamine hydrochloride (Calbiochem) was prepared in ethanol and then diluted in normal amphibian Ringer solution to a working concentration of 20 µm. One millimolar working solutions of N ω -nitro-l-arginine methyl ester (l-NAME, Sigma) were prepared in normal amphibian Ringer solution on the day of the experiment and kept on ice until used.
Statistical analysis
The mean amplitude and/or frequency of at least five synaptic potentials was determined for each fibre impaled.
The median values of the fibre means for each muscle were then compared for statistical significance. Medians were considered to be preferable to means as estimates of the EPP and MEPP parameters because the small number of fibres sampled from each muscle (5-9) and the large variability in the parameters between fibres meant that means were often distorted by a large or small value from a single fibre. Hence, electrophysiological results show the mean ± s.e.m. of the median parameters for each muscle. Comparisons were always made between control and stimulated muscles from one animal, and therefore paired two-tailed Student's t tests were used to analyse all results.
Results

Synaptic depression due to low frequency stimulation
Low frequency (1 Hz) continuous stimulation of the nerve to the toad iliofibularis muscle resulted in a gradual decline in twitch amplitude, typically by 80% after 20 min of stimulation ( Fig. 1) . Only a minor component of the decline in force was due to changes directly associated with the muscle, such as fatigue, because the twitch amplitude in response to several stimuli delivered directly to the muscle belly was only 10-15% smaller after the 1 Hz nerve stimulation routine (filled arrow, Fig. 1 ) compared with before (open arrow). Moreover, depression in the nerve-evoked twitch was long lasting, as demonstrated by the depressed contractile response of the muscle to stimuli delivered via the nerve, at 10 min intervals, for 60 min after the 1 Hz nerve stimulation (dots, Fig. 1 ).
EPP amplitudes from low frequency stimulated muscles, recorded in the period between 30 and 60 min post-stimulation (see Fig. 2A for experimental protocol), were depressed by an average of 46% when compared with EPPs recorded in the control muscle from the same animal ( Fig. 2B and C) . MEPP amplitudes were identical in depressed and control muscles, averaging 0.62 mV (Fig. 2D ), while the MEPP frequency was 21% lower in the stimulated preparations (Fig. 2E ). These findings suggest that the 80% reduction in nerve-evoked muscle twitch amplitude observed as a result of continuous 1 Hz stimulation of the nerve is predominantly due to reduced transmitter release from the neuromuscular nerve terminal.
Figure 2. Low frequency nerve stimulation decreases transmitter release at the amphibian neuromuscular junction
A, time course of experiments for recording of EPPs. Two nerve-muscle preparations were isolated from an animal, mounted in organ baths, and optimum tension and voltage were established (zero on timeline). One muscle was left unstimulated for 80 min before EPP recording (control), while the other was stimulated for 20 min via the nerve during this period (stimulated). All recordings of end-plate potentials were obtained within the time window indicated by the chequered pattern. Both muscles were exposed to dTC for 30 min before, and also during, EPP recording to partially block nicotinic AChRs and prevent muscle contraction. In subsequent figures only the experimental timelines of stimulated muscles are shown because in all cases the control experiment was the same as the stimulated except for the period of 1 Hz stimulation. B, average amplitude of EPPs recorded from control (open bar) and low frequency stimulated (filled bar) muscles in normal Ringer solution. Stimulation significantly reduced EPP amplitude ( * P < 0.05, n = 5 pairs of muscles, Student's two-tailed paired t test). C, representative traces of EPPs recorded from iliofibularis muscles under control conditions and after 20 min of low frequency stimulation. There was no significant difference in MEPP amplitude (D) between control (open bar) and low frequency stimulated (filled bar) conditions over 5 experiments in normal Ringer solution; however, MEPP frequency (E) was significantly lower ( * P < 0.05, n =11 pairs of muscles, Student's two-tailed paired t test) in stimulated preparations (filled bar) compared with controls (open bar).
Signal for depression is triggered by transmission
When synaptic transmission to the muscles was partially blocked with the nicotinic nAChR antagonist dTC prior to the 1 Hz stimulation routine, preventing action potential firing in the majority of fibres (data not shown), we did not observe any depression of the EPP amplitude (Fig. 3A) . Two main subtypes of nAChRs are expressed at the mature neuromuscular junction: muscle-type receptors that predominate postsynaptically and mediate synaptic transmission (Salpeter & Loring, 1985) , and neuronal type nAChRs, which are expressed both preand post-junctionally (Kimura et al. 1994; Tsuneki et al. 1995) . Although the primary action of dTC at the neuromuscular junction is as an antagonist of muscle-type AChRs, pre-junctional effects of the compound have been documented (Prior et al. 1995) and presynaptic neuronal-type nAChRs have previously been implicated in low frequency stimulation-induced neuromuscular synaptic depression (Prior & Singh, 2000) . To determine whether the observed effects of dTC were due to its action on muscle-type nAChRs, or to non-specific effects of the antagonist on presynaptic nAChRs, we replicated the above experiment using hexamethonium instead of dTC.
Hexamethonium is a neuronal-type nAChR channel blocker that has only minimal effects on muscle-type nAChRs (Tian et al. 1997) . Incubation with 200 µm hexamethonium, a concentration that has previously been shown to block neuronal nAChR-associated depression at the neuromuscular junction (Prior & Singh, 2000) , did not block low frequency-induced depression (Fig. 3B) , suggesting ACh is not acting back on the nerve terminal. Instead, these results using nAChR antagonists support the view that the induction of this form of depression is dependent on neuromuscular transmission, in particular the activity of muscle-type nAChRs.
Depression does not depend on muscle contraction
While our results suggest that neuromuscular transmission is important for the induction of depression, there is no requirement for the muscle to contract. We showed this by applying dantrolene to the muscles to block release of Ca 2+ from the sarcoplasmic reticulum. Both control and stimulated preparations were incubated for 1.5 h in 50 µm dantrolene, after which time muscle contraction in response to nerve stimulation was typically decreased by approximately 85% (data not shown). In the presence of dantrolene, EPPs in muscles subjected to the 1 Hz stimulation routine were 55% smaller than those recorded from control muscles (Fig. 3C) .
NO scavenger blocks induction of depression
Evidence for NO signalling in the depression was found when 200 µm cPTIO, a NO scavenger, was added to the Depression was not observed in response to low frequency nerve stimulation if muscles were pre-incubated with the muscle-type nAChR antagonist dTC (A, n = 6 pairs of muscles). Pre-incubation with dTC for 30 min typically reduced the nerve-evoked muscle twitch by approximately 90% (data not shown). In contrast, low frequency-induced depression was still observed (B) after incubation with the neuronal-type nAChR antagonist hexamethonium (200 µM); the average EPP amplitude in stimulated muscles was significantly lower than in controls ( * P < 0.01, n = 7 pairs of muscles, Student's two-tailed paired t test). Significant depression of the EPP amplitude after low frequency stimulation was also observed when muscles were incubated with 50 µM dantrolene ( * P < 0.05, n = 5 pairs of muscles, Student's two-tailed paired t test), a drug that blocks release of Ca 2+ from the sarcoplasmic reticulum. In A, B and C the horizontal bar represents the period of exposure to the relevant drug (see legend to Fig. 2A for explanation of experimental design schematic).
muscle-bathing medium throughout the time course of the experiments; controls had identical exposure to cPTIO, but were not stimulated. In the presence of cPTIO we did not observe any significant depression of EPP amplitude in response to repetitive low frequency stimulation (Fig. 4A) . Pre-incubation with the NOS inhibitor L-NAME (1 mm) also blocked the induction of depression (Fig. 4B) . Exposure of muscles to the NO scavenger cPTIO throughout the experiments completely blocked the induction of low frequency stimulation-induced depression (A, n = 5 pairs of muscles, Student's two-tailed paired t test), as did exposure to the nitric oxide synthase inhibitor L-NAME (B, n = 5 pairs of muscles, Student's two-tailed paired t test). There was also no significant difference in EPP amplitudes between control (open bar) and stimulated muscles (filled bar) when cPTIO was added to the bathing medium after, but not during, the low frequency stimulation routine (C, n = 5 pairs of muscles, Student's two-tailed paired t test). In A, B and C the horizontal bars represent the period of exposure to the relevant drug (see legend to Fig. 2A for explanation of experimental design schematic).
These results, in light of the well-established capacity of exogenous NO to depress neuromuscular transmission (Lindgren & Laird, 1994; Wang et al. 1995; Aonuma et al. 2000; Thomas & Robitaille, 2001) , indicate that NO signalling is critical to induction of the depression. cPTIO is a cell membrane-impermeant NO scavenger (Ko & Kelly, 1999) , and therefore the blockade of depression by cPTIO suggests that the NO produced in response to stimulation passes through the extracellular space before acting on the nerve terminal. Accordingly, NO must originate from a source outside the terminal, such as the muscle fibres and/or perisynaptic glial cells (Kusner & Kaminski, 1996; Yang et al. 1997; Descarries et al. 1998; Thomas & Robitaille, 2001 ). We would argue, based on our results using nAChR antagonists, that skeletal muscle fibres are the most likely source of NO depressing transmitter release from nerve terminals; the AChRs expressed on Schwann cells are predominantly, if not solely, of the muscarinic type (Robitaille et al. 1997 ) and therefore we would not expect the nicotinic AChR antagonist dTC to directly affect NO production by these cells. We cannot dismiss, however, the involvement of Schwann cells or indeed other surrounding cells given the possibility that the muscle may produce an unidentified transmissible factor that in turn activates NOS in these cells.
Sustained NO production is required for maintenance of synaptic depression
Synaptic depression was maintained for at least 60 min after termination of the 20-min low frequency stimulation routine (Fig 1 and 2B) . We therefore investigated whether NO production is maintained throughout the period of the depression, or alternatively, whether NO production is only important for the induction of depression, with depression being maintained by a process downstream of NO. This was tested by applying the NO scavenger cPTIO to the preparation immediately after, but not during, the low frequency stimulation routine. If NO were involved in the induction but not in the maintenance of depression, we would expect that depression would still be observed if the NO scavenger were applied after termination of the depression routine. However, EPPs recorded from stimulated muscles were not depressed relative to controls with post-stimulation application of the NO scavenger (Fig. 4C) . As NO is a very short-lived molecule, this result indicates that the prolonged depression of synaptic transmission is dependent on maintained activity of nitric oxide synthase (NOS) above baseline levels.
Synaptic depression is blocked by an inhibitor of calcineurin activity
The activation of nNOS by Ca 2+ -CaM is acute and therefore would not be expected to produce the long-term elevation of NO production that is implied by the result above. Another major determinant of the activity of nNOS is its phosphorylation state, with phosphorylation of the synthase leading to decreased catalytic activity (Bredt et al. 1992) . Several members of the serine/threonine family of protein phosphatases have been implicated in dephosphorylating NOS and increasing its activity, including protein phosphatases 1, 2A and 2B (Komeima & Watanabe, 2001; Rameau et al. 2003) .
Protein phosphatase 2B, also known as calcineurin, is of particular interest in this context because its activity is dependent on Ca 2+ -CaM binding (Stewart et al. 1982) . Furthermore, it has been implicated in several forms of long-term depression in the CNS (Mulkey et al. 1994; Torii et al. 1995; Li et al. 2002) . The induction of depression by low frequency stimulation in these experiments was blocked by the calmodulin inhibitor phenoxybenzamine (20 µm, Fig. 5A ), implicating a Ca 2+ -CaM-dependent pathway in the depression. Our results suggest that calcineurin is also involved in long-term depression at the neuromuscular junction; low frequency stimulation did not produce significant depression of EPP amplitudes after pre-incubation of the muscle preparation with the calcineurin inhibitors CsA (10 µm, Fig. 5B ) or FK506 (10 µm, Fig. 5C ). We propose that the role of calcineurin in this system is to dephosporylate nNOS, increasing its activity and resulting in prolonged production of NO.
Synaptic depression involves a cGMP-dependent pathway
The proposed actions of NO to modulate synaptic function are diverse (for a review see Schuman & Madison, 1994) ; however, the primary pathway for action of NO in nerve terminals is activation of soluble guanylyl cyclase (sGC; Knowles et al. 1989) , resulting in the production of cGMP, which can act by a variety of means to alter intracellular functions . The sGC-cGMP pathway has been implicated in tonic depression of ACh release by muscle-derived NO at the amphibian neuromuscular junction (Thomas & Robitaille, 2001 ).
To investigate the contribution of this pathway to the depression observed here we performed experiments using ODQ, a selective inhibitor of NO-sensitive sGC . We observed that depression was completely blocked by incubation with 10 µm ODQ (Fig. 6A) , which is consistent with NO acting through a cGMP-mediated pathway to depress transmitter release. However, ODQ has been shown to inhibit the activity of NOS, at least at concentrations greater than 30 µm (Feelisch et al. 1999) . If ODQ were having a significant affect on NOS activity in our experiments, the outcome would be the same as the one shown in Fig. 6A , i.e. depression would be blocked. Therefore we investigated the effect of Rp-8-pCPT-cGMPS, an inhibitor of cGMP-dependent protein kinase, on depression and observed that low frequency stimulation did not depress EPP amplitudes in the presence of the compound (Fig. 6B ). Together these results support a role for a sGC-cGMP pathway in the depression.
Discussion
Low frequency stimulation-induced depression is dependent on synaptic transmission
Depolarization of the postsynaptic cell is necessary for the induction of several forms of synaptic depression observed in the PNS (Cash et al. 1996) and CNS (for review see Linden & Connor, 1992) . The same appears to be the case in our experiments; EPP amplitudes recorded in muscles stimulated continuously via the nerve at 1 Hz were not significantly different from controls in the presence of the muscle-type nAChR antagonist dTC. We confirmed that this effect of dTC was due to its activity on muscle-type nAChRs by showing that the onset of depression was unaffected by the neuronal-type nAChR antagonist hexamethonium. These results led us to conclude that the reduction in the level of transmitter secreted from the nerve terminals was dependent on activity of muscle-type nAChRs, and therefore implicated signalling from the postsynaptic muscle cell to the presynaptic neurone in the depression of the EPP amplitude. Thomas & Robitaille (2001) have previously reported evidence for NO signalling in neuromuscular synaptic depression, specifically in high frequency-and adenosineinduced depression. The authors put forward a model in which transmission is modulated by muscle-derived NO at low levels of synaptic activity, and by NO derived from perisynaptic Schwann cells with high levels of nerve stimulation. The experimental protocol used by Thomas & Robitaille (2001) , specifically the blockade of muscle activity by postsynaptic receptor antagonists, meant that they could not test directly whether transmission at low levels of nerve stimulation results in NO production and depression of release. Here, we confirmed that NO signalling is critical for the induction Figure 6 . Activation of a soluble guanylyl cyclase-cGMP pathway is involved in low frequency nerve stimulationinduced depression Incubation of the muscles with 10 µM ODQ, an inhibitor of NO-sensitive guanylyl cyclase, completely blocked the induction of low frequency stimulation-induced depression (A, n = 5 pairs of muscles, Student's two-tailed paired t test). Depression was also blocked by incubation of the muscle with 10 µM Rp-8-pCPT-cGMPS, an inhibitor of cGMP-dependent protein kinase (B, n = 5 pairs of muscles, Student's two-tailed paired t test). The horizontal bars in A and B represent the period of exposure to ODQ and Rp-8-pCPT-cGMPS, respectively (see legend to Fig. 2A for explanation of experimental design schematic). of low frequency transmission-dependent depression by blocking the depression with both the NO scavenger cPTIO and the nitric oxide synthase (NOS) inhibitor L-NAME. NO is generated from l-arginine by the action of the NOS enzyme, which is expressed in several cell types at the NMJ, including perisynaptic Schwann cells (PSCs), skeletal muscle fibres and nerve terminals. The blockade of depression by cPTIO, a cell membrane-impermeant NO scavenger, is inconsistent with NO being produced by the nerve terminal itself, since NO produced by the nerve could act to decrease transmitter release without entering the extracellular space. Instead, this result, in combination with our observation that depression is blocked in the presence of the nicotinic AChR antagonist dTC, suggests that the most likely source of NO is the muscle cells; dTC would not be expected to affect PSCs, since AChRs expressed on these cells are muscarinic (Robitaille et al. 1997) . Our results do not allow us to exclude the possibility that activation of nAChRs in the muscle indirectly activates NOS in the PSCs via an unknown muscle-derived transmissible factor. If such a transmissible factor exists, some components of the pathway outlined here could reside in the Schwann cell. This is a rather intriguing possibility, because it implies an integral relationship between three major cell types at the neuromuscular junction in determining the functional plasticity of the synapse. However, since activation of nNOS in the muscle cells is the most direct biochemical pathway to explain our results, and given that we have no evidence for muscle-glia signalling, our results will be discussed in terms of the more likely postsynaptic production of NO.
Induction of depression is dependent on NO
There are three main isoforms of NOS (inducible, endothelial and neuronal), all of which are expressed in skeletal muscle (Stamler & Meissner, 2001; Wang et al. 2001) . Although inducible NOS (iNOS) is observed in skeletal muscle (Punkt et al. 2002) it is constitutively active and therefore its activity, related to the level of protein expression, would not be expected to change over the time course of the depression observed here. Ca 2+ -CaM affects the activity of both endothelial and neuronal NOS (eNOS and nNOS, respectively) and consequently both are potential candidates for activity-dependent regulation of NO release. Expression of eNOS is predominantly associated with the skeletal muscle vasculature (Gath et al. 1996) , and consequently it is unlikely to be involved in modulation of synaptic transmission. In contrast, nNOS is abundantly expressed in skeletal muscle and it is concentrated to the sarcolemma (Kobzik et al. 1994) , particularly the neuromuscular endplate (Chao et al. 1996; Kusner & Kaminski, 1996; Yang et al. 1997) , and is therefore ideally positioned for modulating synaptic function in response to transmission. Therefore, although we did not test directly which isoforms of NOS are involved in the depression, the expression and regulation of the various NOS isoforms in skeletal muscle indicate that nNOS activity is probably the dominant source of activity-dependent NO production.
Depression is not dependent on release of Ca
2+
from the sarcoplasmic reticulum Activation of nNOS by Ca 2+ -CaM may occur either through influx of Ca 2+ from extracellular fluid, or by release of Ca 2+ from intracellular stores, such as the sarcoplasmic reticulum in muscle fibres. A role for Ca 2+ from intracellular stores in these experiments seems unlikely because the depression persisted in the presence of dantrolene, which blocks sarcoplasmic reticulum Ca 2+ release. Therefore, we favour extracellular Ca 2+ entering through nAChRs (Vernino et al. 1994 ) and/or postsynaptic voltage-dependent Ca 2+ channels (VDCCs, Vijayaraghavan et al. 1992; Rathouz & Berg, 1994) as the main activator of NOS, rather than a global change in intracellular [Ca 2+ ] due to excitation-contraction coupling. We have suggested the possible involvement of VDCCs in the depression because it is not clear from our methods whether or not firing of a muscle action potential is critical for induction of the depression. There is evidence for modulation of transmission by a local postsynaptic Ca 2+ signal in nerve-muscle cocultures (Cash et al. 1996) ; however, events occurring 'downstream' of Ca 2+ entry into the muscle cells are still not well defined, and to our knowledge it has not been directly demonstrated that local postsynaptic Ca 2+ transients can modulate transmission at the mature NMJ.
Maintenance of depression requires prolonged production of NO
Having established that NO production is necessary for the induction of low frequency depression, we also observed that sustained NO production is required for maintenance of the depression, as depression was not seen if NO was scavenged with cPTIO after the stimulation routine. Interestingly, because NO is so labile, this result implies that low frequency stimulation results in prolonged activation of NOS above baseline levels.
NOS activation by Ca 2+ -CaM is acute and therefore would be expected to return to baseline levels after termination of the 1 Hz stimulation protocol. Aside from Ca 2+ -CaM binding, an important mechanism for physiological regulation of nNOS activity is the phosphorylation state of the enzyme (Bredt et al. 1992) . Tonic phosphorylation of nNOS is observed in many systems, producing a tonic dampening of the catalytic activity of nNOS, while dephosphorylation has the opposite effect, leading to an increase in NO production (Dawson et al. 1993) . We tested for this in our experiments by blocking the action of calcineurin, a protein phosphatase that has previously been shown to dephosphorylate nNOS (Dawson et al. 1993) , and did not observe depression in the EPP amplitude in response to the 1 Hz nerve stimulation.
There are several reasons to hypothesize that the prolonged production of NO observed here might be due to NOS dephosphorylation by calcineurin. Firstly, calcineurin requires binding of Ca 2+ and Ca 2+ -CaM for activation (Stewart et al. 1982) . Thus there is an established mechanism whereby Ca 2+ transients associated with repetitive stimulation could lead to activation of calcineurin, and subsequently to dephosphorylation of nNOS and production of NO. Our observation that depression was blocked by the calmodulin antagonist phenoxybenzamine is consistent with the involvement of such a pathway. Secondly, Yasuda et al. (2003) have monitored the activity of calcineurin in rat cortical slices and observed that 15 min of 1 Hz stimulation, similar to the stimulation routine used here, produced a prolonged increase in calcineurin activity. They showed that the activity of the phosphatase was elevated for the whole observation period, up to 25 min after termination of the stimulation routine. If such prolonged calcineurin activity was induced by the stimulus routine used in our experiments, it could produce a prolonged elevation of NOS activity and a long-lasting depression. Thus it is reasonable to conclude that the depression observed in our experiments resulted from activation of NOS by Ca 2+ -CaM, both directly, leading to acute production of NO, and indirectly, through binding of Ca 2+ -CaM to calcineurin, leading to a longer lasting production of NO.
Induction of depression by low frequency stimulation is via a cGMP-dependent signalling pathway
The most common mode of action of NO is by activation of NO-sensitive soluble guanylyl cyclase resulting in the production of cGMP. It has been proposed that NO acts through both cGMP-dependent and -independent pathways at the NMJ, with the dominance of a particular pathway determined by the level of synaptic activity (Thomas & Robitaille, 2001) . We observed that depression was completely blocked by ODQ, an inhibitor of NO-sensitive guanylyl cyclase, and also by Rp-8-pCPT-cGMPS, an inhibitor of cGMP-dependent protein kinase, implicating a cGMP-dependent pathway in the depression. We have shown that NO originates from a source outside the terminal, most likely the muscle cell, but that depression results from a presynaptic change in transmitter release. Therefore we have proposed that the NO-sensitive sGC implicated in these experiments is located in the presynaptic terminal, with NO diffusing across the synaptic cleft to act on the sGC and depress transmission. If we consider this finding in the context of the work by Thomas & Robitaille (2001) , who observed that NO tonically produced by skeletal muscle cells decreases transmitter release via a cGMP-dependent mechanism, our results may reflect increased activity, under the appropriate stimulus conditions, of a pathway that is tonically active at resting neuromuscular junctions.
Model of low frequency stimulation induced depression at the neuromuscular junction
A summary of the cellular mechanisms for long-lasting activity-dependent depression of transmitter release suggested by our experiments is illustrated in Fig. 7 . The main feature of this scheme, which distinguishes it from Figure 7 . Model of depression induced at the neuromuscular junction by repetitive low frequency nerve stimulation According to the main pathway in the model, repetitive low frequency stimulation of the nerve results in activation of muscle-type nAChRs and a local increase in postsynaptic free Ca 2+ , due to entry of extracellular Ca 2+ through nAChRs and/or voltage-dependent Ca 2+ channels. This Ca 2+ then binds to calmodulin in the muscle cell, and the Ca 2+ -CaM complex has both direct and indirect actions on nNOS activity. Ca 2+ -CaM binds to nNOS, resulting in an acute increase in NO production, as well as stimulating the protein phosphatase calcineurin, which in turn dephosphorylates nNOS and increases its activity. The activation of calcineurin by Ca 2+ -CaM is long-lasting, maintaining nNOS activation and NO production long after cessation of the stimulus routine. The NO produced by these mechanisms diffuses to the nerve terminal to decrease the quantal release via an unknown sGC-cGMP-dependent mechanism. Alternatively, signalling between the muscle cell and the terminal may occur indirectly via the Schwann cell. Such a pathway is indicated by the dashed line and involves the activity-dependent production of an unknown muscle-derived messenger, which in turn activates NOS in the Schwann cell.
previous models of NO signalling at the neuromuscular junction (Thomas & Robitaille, 2001; Esplugues, 2002) , is the role played by the skeletal muscle cell in generating an activity-dependent retrograde signal to reduce quantal release from the terminal.
The most direct cellular pathway to explain the results presented here involves Ca 2+ entry through muscle-type nAChRs and/or voltage-dependent Ca 2+ channels activating skeletal muscle nNOS and triggering the production of NO. In this scheme the NO itself is the retrograde messenger, acting back on the terminal via a cGMP-dependent mechanism to depress transmission. The model incorporates a role for calcineurin in the long term regulation of NOS activity and NO production.
Alternatively, it is possible that the retrograde signal is transmitted indirectly via the Schwann cell. Such a scheme would require the activity-dependent release of an unidentified muscle-derived messenger, which in turn activates NOS in the Schwann cell (dashed arrow Fig. 7 ). Both the direct and indirect pathways require muscle cell activation to produce the long-lasting change in synaptic efficacy.
To our knowledge, this is the first demonstration that NO signalling can produce long-term depression of transmission at the neuromuscular junction in response to synaptic activity. Our results demonstrating the transmission-dependent modulation of quantal release by NO, along with the findings of Thomas & Robitaille (2001) , who identified a role for glial-derived NO in neuromuscular plasticity, provide a comprehensive framework for understanding the role of NO signalling in neuromuscular function.
